Objective: Neuroendocrine tumors of the lung are currently staged with the 7th edition TNM non-small cell lung cancer staging system. This decision, based on data analysis without data on histology or disease-specific survival, makes its applicability limited. This study proposes a specific staging system for these tumors.
See Editorial Commentary page 414.
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Cancer staging systems are designed to provide a common method of evaluating the extent of disease and to predict survival. For common thoracic cancers such as esophageal cancer or non-small cell lung cancer (NSCLC), there is a disease-specific staging system derived from large datasets and multiple outcome studies that allows a reliable and c Unit of Thoracic Surgery, Catholic University of reproducible prediction of outcomes. For rare tumors, there may not be a disease-specific staging system, and staging may be attempted using a related system. Neuroendocrine tumors of the lung (NETL), with an incidence of 5.25 cases per 100,000 persons in the United States, are an example of a rare tumor without a disease-specific staging system. 1 These tumors were excluded from the 2003 American Joint Committee on Cancer (AJCC) staging manual, although many physicians were applying the TNM non-small cancer staging descriptors to these tumors.
After an analysis of data from the International Association for the Study of Lung Cancer and the National Cancer Institute Surveillance Epidemiology and End Results, it was determined that application of the NSCLC staging system to pulmonary carcinoid tumors was suitable for predicting outcomes. 2 However, there are several limitations when applying the NSCLC staging system to NETL. First, NETL are considered a separate entity from NSCLC because of their peculiar morphologic, ultrastructural, immunohistochemical, and molecular characteristics. 3 Second, there is a spectrum of disease ranging from indolent typical carcinoid or low-grade neuroendocrine tumors to atypical carcinoid or intermediate-grade neuroendocrine tumor and to the high-grade, aggressive subtypes, large-cell neuroendocrine carcinoma, and small-cell neuroendocrine carcinoma. 3 Survival outcomes using the current system have demonstrated overlaps in survival curves across different staging classes. 4 This suggests there is a need for improvement in neuroendocrine tumor staging.
With the use of a large, multi-institutional dataset of neuroendocrine tumors, we aim to identify factors associated with disease-specific survival after surgical resection of NETL and propose a disease-specific staging system for these neoplasms.
MATERIAL AND METHODS
We retrospectively collected and analyzed the data of consecutive patients undergoing curative resection for primary NETL between 2000 and 2015 in 8 centers. Participating institutions included Swedish Cancer Institute, Seattle, Washington; University of California Davis Health, Sacramento, California; Catholic University of Sacred Heart, Rome, Italy; San Giovanni Battista Hospital, Torino, Italy; University of Insubria, Ospedale di Circolo, Varese, Italy; University of Washington Medical Center, Seattle, Washington; Providence Regional Medical Center, Everett, Washington; and Virginia Mason Hospital and Medical Center, Seattle, Washington. Patients with macroscopic or microscopic tumor infiltration of the resection margins or without these data reported and small cell carcinoma were excluded from the study. The institutional review board at each center approved this study and de-identified data were transmitted between centers. Individual patient consent was waived because of the retrospective nature of the study.
For each patient, we collected the following data: age, gender, smoking habit, Eastern Cooperative Oncology Group performance status, forced expiratory volume in 1 second, previous malignancy, preoperative investigations, tumor location, clinical 7th edition TNM stage, surgical reports, pathologic findings, induction/adjuvant therapy, and follow-up. Standardized definitions for each data point were decided a priori on the basis of previous literature and distributed to each center for use. Tumor location was defined as ''central'' when tumors were visualized at bronchoscopy or associated with lung atelectasis or obstructive pneumonia and ''peripheral'' when not visualized at bronchoscopy. 5 Univariable and multivariable analyses were performed to identify factors associated with disease-specific survival. Factors analyzed were age, sex, smoking history, Eastern Cooperative Oncology Group performance status, prior malignancies, presence of symptoms, extent of lung resection (sublobar and bronchial sleeve resections vs greater resections), lymphadenectomy, histologic subtype, pT, tumor location, and nodal status (pN). pT and pN were defined according to the 7th edition TNM staging system for NSCLC. When pN was not available because no lymph node sampling or dissection was performed during surgery, we used cN only if no lymph node involvement was reported during the follow-up.
By using the significant variables (age, gender, smoking status, histology, pT, and pN) from the univariable analysis, a series of multivariable models were created on the basis of the degree of significance and clinical importance. Both histology and pT were identified as significant variables in each model created regardless of whether age, gender, and smoking status were included. The final multivariable model demonstrates that after adjusting for histology and pT, pN is not a significant predictor; however, it was retained because of its clinical importance in all staging systems. The changes in hazard ratio estimates for histology and pT with and without pN in the model were small and not clinically meaningful. 6 We used the results of the multivariable analysis to create survival and recurrence tables on the basis of tumor histology and pathologic tumor stage (pT). We designated low-grade neuroendocrine histology (typical carcinoid) as G1, intermediate-grade (atypical carcinoid) as G2, and high-grade (large-cell neuroendocrine carcinoma) as G3. In each tumor grade, we grouped patients by the AJCC 7th edition, lung cancer tumor groupings based on size (in centimeters), and associated descriptors such as atelectasis, proximity to the carina, and multiple nodules. New stage groupings were created by incorporating tumor sizes and the associated descriptors, and histology with similar survival and recurrences.
Once the new staging groups were created, we used the Kaplan-Meier method and the Cox proportional hazards model stratified by center to evaluate the differences in disease-specific survival between the different stages to determine whether the new staging system discriminated as well, worse, or better than the existing TNM classification.
Continuous data were reported as median with interquartile range. Categoric and count data were presented as frequencies and percentages. Disease-specific survival was defined as the time interval in months from the date of surgery to the last follow-up. The univariate and multivariate analyses were completed using the Cox proportional hazards model. Statistical analyses were undertaken using primarily SPSS 24.0 software (IBM Corp, Armonk, NY).
RESULTS
From 2000 to 2015, 551 patients underwent curative lung surgery for primary NETL in 8 international centers. A total
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AJCC ¼ American Joint Committee on Cancer CI ¼ confidence interval ESTS ¼ European Society Thoracic Surgery NETL ¼ neuroendocrine tumors of the lung NSCLC ¼ non-small cell lung cancer of 41 cases (patients with tumor infiltration at the resection margins or without this information reported) were excluded from the study, leaving 510 patients for the analysis. This cohort had a median age of 60 years, was predominantly female with a prior or current history of smoking. Approximately half were symptomatic at presentation, and most had a good performance status (Table 1) .
All 510 patients underwent preoperative imaging for clinical staging, including 204 computed tomography scans and 306 computed tomography with fluorodeoxyglucose positron emission tomography scans. Of the 510 patients, 117 underwent additional staging investigations including somatostatin receptor scintigraphy (62), endobronchial ultrasound-guided transbronchial needle aspiration (8) , and mediastinoscopy or other surgical biopsy (54). These data were not available in 4 patients. Preoperative biopsy of the main tumor was obtained in 390 patients, including endoscopic biopsy (225), transthoracic biopsy (156), surgical biopsy (5), and others (4). This information was not available in 7 patients.
All patients underwent surgical resection of their NETL. Some 77% of patients underwent an anatomic resection of a lobe or greater. Only 2% of patients underwent a bronchial sleeve resection without parenchymal removal. Of the 77 wedge resections, 76% (59/77) had a typical carcinoid, 12% (9/77) had an atypical carcinoid, and 12% (9/77) had a large cell neuroendocrine carcinoma. Nodal sampling or lymphadenectomy was completed in 87% of patients (Table 2) .
Final histology revealed a low-grade NETL or typical carcinoid (G1) in 341 of 510 patients (67%), an intermediate-grade NETL or atypical carcinoid (G2) in 68 of 510 patients (13%), and a high-grade NETL or large-cell neuroendocrine carcinoma (G3) in 101 of 510 patients (20%). Pathologic features and 7th edition TNM staging results are listed in Table 2 . The distribution of node-positive disease (n ¼ 98) was high grade in 38 of 101 patients (38%), intermediate grade in 23 of 68 patients (34%), and low grade in 37 of 341 patients (11%).
Only 12% (61/504) of patients received chemotherapy or radiotherapy. Of these 61 patients, 13 had typical carcinoids, 13 had atypical carcinoids, and 35 had large-cell neuroendocrine carcinomas. Induction therapy was completed in 3% of cases (13/510) (chemotherapy in 7 cases, radiotherapy in 3 cases, and both chemotherapy and radiotherapy in 3 cases), adjuvant therapy in 9% of cases (43/504) (chemotherapy in 33 cases, radiotherapy in 5 cases, and both chemotherapy and radiotherapy in 5 cases), and both induction and adjuvant treatments in 1% of cases (5/510).
The follow-up was completed in 490 of 510 patients, with a median follow-up of 51 months (interquartile range, 18-99). Death occurred in 83 patients, and diseasespecific mortality was seen in 51 cases. Only 2 patients died within 90 days after surgery: One patient died 24 days after surgery because of an empyema and bronchopleural fistula, and 1 patient died 70 days after surgery because of a car accident. Data on recurrence IQR, Interquartile range. *A total of 43 patients underwent sleeve lobectomy. yA total of 255 patients underwent lymph node sampling, 188 patients underwent lymph node dissection, and data were not available in 1 patient. zData were not available in 6 patients.
were available in 484 of 510 patients. The disease recurred in 83 of 48 cases. The recurrence was local (along the surgical margins or in the residual lobe after sublobar resection) in 12 patients (2%), regional in 21 patients (4%) (14 in the mediastinal lymph nodes and 7 in the ipsilateral lung), and systemic in 50 patients (10%) (18 in the liver, 9 in the brain, 7 in the bones, 4 in the contralateral lung, 3 in the adrenal glands, 4 in >1 site and 5 in a nonspecified tissue). On univariable analysis, the factors influencing disease-specific survival were age, gender, smoking history, histologic subtype, pT, and pN (Table 3 ). In the multivariable analysis, age, gender, and smoking history were not independently associated with disease-specific survival when adjusted for histologic subtype, pT, and pN. Only histologic subtype and pT remained independently associated with disease-specific survival at the final multivariable analysis (Table 3) . When patients with node-positive disease were excluded and the same regression analysis was performed with N0 patients, histologic subtype (hazard ratio, 2.16; confidence interval [CI], 1.34-3.50; and P ¼ .002) and pT (hazard ratio, 1.52; CI, 1.20-1.93; and P ¼ .001) were the only factors independently associated with disease-specific survival.
Five-year disease-specific survival and recurrence rates were calculated by pT under each histologic subtype and are shown in Table 4 . New stage groupings were then created by incorporating pT with similar survival and recurrences resulting in the proposed staging system: IA (pT1-2 G1), IB (pT3 G1, pT1 G2), IIA (pT4 G1, pT2-3 G2, pT1 G3), IIB (pT4 G2, pT2-3 G3), and III (pT4 G3).
Five-year disease-specific survivals using this proposed NETL-specific staging system were 97.9% (95% CI, 94.3-99.2), 81.0% (95% CI, 53.7-93.1), 69.1% (95% CI, 51.4-81.5), 51.8% (95% CI, 34.5-66.7), and 0% (P <.001) for stage IA, IB, IIA, IIB, and III, respectively (Figure 1) . After analyzing the influence of this NETL-specific staging system on disease-specific survival in the subgroup of N0 patients only, we observed the same capability of stratifying survival with only a lower differentiation between stage IA and IB. In this N0 group, the 5-year disease-specific survivals were 97.6% (95% CI, 95.0-100.0) (death n ¼ 7), 96.2% (95% CI, 88.8-100) (death n ¼ 2), 70.4% (95% CI, 53.7-87.1) (death n ¼ 11), 53.7% (95% CI, 31.1-76.4) (death n ¼ 10), and 0% (death n ¼ 2) (P <.001) for stage IA (n ¼ 276), IB (n ¼ 43), IIA (n ¼ 43), IIB (11 ¼ 32), and III (n ¼ 3), respectively. Comparatively, using the 7th edition TNM lung cancer staging system, 5-year disease-specific survivals for the whole cohort were 95.0% (95% CI, 90.5-97. Cox proportional hazard models, stratified by treatment center, were fit for both the proposed NETL-specific staging system and the 7th edition TNM. The NETL-specific staging system classification had a better model fit as indicated by the lower value for À2*log-likelihood (NETL-specific staging system ¼ 473.8; 7th edition TNM staging system ¼ 534.0). Hazard ratios with 95% confidence limits are presented for the comparison of stage IA with IB, IIA, IIB, and III in Table 5 .
DISCUSSION
In this international, multi-institutional analysis of patients with NETL undergoing curative resection, we have identified 2 main factors associated with diseasespecific survival: the pathologic tumor grouping (pT) and the histology of the tumor. These 2 factors were then used to redefine the staging group definitions in the current AJCC 7th edition TNM lung cancer staging system to create a staging system specific to neuroendocrine tumors. In comparison with the AJCC 7th edition survival curves, the proposed NETL staging system provides better discrimination between the staging groups (I-III) and between the staging subgroups (eg, IA vs IB) for disease-specific survival (Video 1).
The inclusion of histology and the regrouping of pT along with disease-specific mortality in the NETL staging system seem to overcome the limitations of 7th edition TNM staging system that used overall survival, failed to distinguish between low and intermediate grade, did not include large-cell neuroendocrine tumors, and maintained the same tumor size groupings used for NSCLC. 2 Although this classification was able to stratify survival among staging classes (eg, I vs II vs III vs IV), it was not able to stratify survival among staging subclasses (eg, IA vs IB or IIA vs IIB). This is likely for several reasons. First, tumor size alone is not as significant a variable in neuroendocrine tumors, which means larger tumors can be grouped together particularly for low-grade tumors. Second, the added T-stage descriptors remain important once the tumor reaches a certain size, involves the pleura, or is close to the carina. The biology of tumors based on the subgroup histology has a significant impact on stage separation.
The limitations of using the AJCC 7th edition, TNM staging for neuroendocrine tumors is further exposed by the European Society Thoracic Surgery (ESTS) Neuroendocrine Tumor Working Group Prognostic Model for typical carcinoids. 7 This model identified 6 factors that could be used to predict survival within a large group of patients with only low-grade or typical carcinoid undergoing resection. It allowed a homogenous survival curve in 1101 patients to be redefined into 4 distinct classes with different survival, suggesting that it is necessary to rethink including neuroendocrine tumors in the current AJCC staging system. When our carcinoid study group validated the ESTS prognostic model with the low-grade tumors using this same cohort, it demonstrated clear differences between using the current TNM staging system compared with using the ESTS prognostic model to predict survival after resection. 8 Furthermore, recent articles on neuroendocrine tumors still prefer to provide survival data by histology rather than TNM staging.
9-11
The need to incorporate histology into the NETL staging system seems obvious to those caring for patients with neuroendocrine tumors. It is widely recognized that survival is dramatically different between the four NETL subtypes.
9-11 Low-grade (G1) neuroendocrine tumors are indolent with a low rate of lymph node and distant metastasis at presentation (5%-15% and 3%, respectively) and a 5-year overall survival greater than 90%. 9, 10, 12 Comparatively, intermediate-grade (G2) neuroendocrine tumors have a higher rate of lymphatic and distant metastasis at diagnosis (40%-50% and 20%, respectively) and a lower 5-year overall survival of 40% to 50%. 9, 10, 12 Finally, large-cell neuroendocrine carcinoma and small-cell neuroendocrine carcinoma are highly aggressive (G3) with a 5-year overall survival respectively of 15% to 25% and less than 15%. G1, Typical carcinoid; G2, atypical carcinoid; G3, large-cell neuroendocrine carcinoma; NETL, neuroendocrine tumors of the lung; DS, disease-specific survival. *Five-year disease-specific survivals were 92.3% and 53.3% for pT1a and pT1b disease, respectively.
Although there is consensus regarding the impact of NETL histologic subtypes on survival, the role of other factors such as tumor size or lymph node involvement is still a matter of debate. Prior studies have identified a wide variety of prognostic factors of survival in NETL including age, gender, pT, pN, and pStage. It is likely these differences are due to not only the rarity of these tumors but also the limited number of recurrences and deaths found with these neoplasms.
14-28 Pathologic T stage has been identified in several other studies as a key prognostic factor in determining disease-specific survival. We believe the key to understanding the influence of tumor size and its associated descriptors is also demonstrated by the increasing disease recurrence rates from pT1 to pT4 within each histological subtype. Furthermore, its influence is confirmed as an important and independent prognostic factor in the subgroup analysis of patients without lymph nodal involvement (N0).
We were surprised that the presence of lymph node metastasis was not identified as a factor associated with disease-specific survival in our series. There are several hypotheses that might explain this finding. First, this could be related to the limited number of patients with lymph nodal involvement. Second, we observed that NETL are more likely to develop distant metastases than regional metastases to hilar-mediastinal lymph nodes, which has also been demonstrated in other articles. 14, 18, [24] [25] [26] [27] [28] [29] Third, this may suggest a NETL tropism to metastasize via the FIGURE 1. Kaplan-Meier disease-specific survival curves according to the proposed NETL-specific staging system. CI, Confidence interval; NETL, neuroendocrine tumors of the lung.
blood than the lymphatic system, explaining why the lymph node involvement is not related to disease-specific survival in our cohort. Last, it is possible that the presence of a positive lymph node matters but that tumor histology is more important to survival despite the presence of nodal metastases given the distribution of node-positive disease.
In clinical practice, the 7th edition TNM classification, with its inability to stratify survival between the staging subclasses, has limited utility. 2 Whereas, a diseasespecific staging system such as the one proposed may have a greater clinical impact. For example, it may allow for surveillance imaging that is based on stage such that patients with stage I tumors undergo less frequent surveillance compared with patients with higher stage tumors. In addition, knowledge of survival and recurrence risk may help guide future trials of adjuvant therapy particularly for patients with a pT4 typical carcinoid or pT2-3 atypical carcinoid (stage IIB according to the NETL-specific staging system) who may benefit from adjuvant therapy. 
Study Limitations
First, it is a retrospective study involving multiple centers with different practice patterns. However, the variability across center types (academic and nonacademic) and nations increases the generalizability of our results. Second, a centralized reviewed process for pathology was not available; however, by limiting the start of the data collection to 2000, we are more certain that consistent histologic interpretation was provided because standard grading criteria to distinguish among typical, atypical, and large-cell neuroendocrine carcinoma were used as of this year. 30 Furthermore, the variability in pathologic assessment again speaks to pragmatic and generalizable aspects of this study to patient care and outcomes in the community-at-large (as opposed to a clinical trial with potentially less generalizability). The ''noise'' introduced by variable pathologic interpretation is conservative at best (ie, blunting survival differences). Third, even in this large series, the number of deaths for disease was limited, suggesting that results could be driven in completely different ways by few events. However, we opted for proposing a new NETL-specific stage system on the analysis of factors that influence the disease-specific and not the overall survival to exclude elements such as age and comorbidity that are known to impact nontumor-related deaths. Fourth, those with small-cell neuroendocrine tumors and those with stage IV were not included in this series, and those with high-grade neuroendocrine carcinoma (both large-cell and small-cell) were not included in the original study to apply the AJCC 7th edition, and those with stage IV were few. 2 Nevertheless, this study could be a starting point to create a more complete NETL staging system, including both small-cell neuroendocrine tumors and metastatic disease. Last, this proposed specific NETL staging system needs an external validation in an independent cohort before implementing its use in routine clinical practice.
CONCLUSIONS
NETL with their peculiar characteristics are a separate entity from NSCLC and require a disease-specific staging system. When staged using the 7th edition TNM classification for non-small cell lung cancer, the resultant survival curves often overlap and fail to distinguish survival across different stages. We propose an NETL-specific staging system that incorporates the independent prognostic factors of histologic subtype and pT. This new classification seems to stratify disease-specific survival better than the 7th edition TNM staging system and may serve as a starting point for further analyses focused on its validation and expansion to include small-cell lung cancer and metastatic disease.
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